Summary. The extraction of niobium (Nb) and tantalum (Ta) from hydrochloric acid media by bis(2-ethylhexyl) hydrogen phosphate (HDEHP) and bis(2-ethylhexyl) hydrogen phosphite (BEHP) was studied. The goal of the experiments is to find a system that demonstrates selectivity between the members of group five of the Periodic Table and is also suitable for the study of dubnium (Db, Z = 105). Experiments were performed at the trace level (10 −16 M Nb or Ta) using hydrochloric acid with concentrations ranging from 1-11 M and short-lived isotopes of Nb and Ta produced in nuclear reactions. When HDEHP was used as the extractant, the Nb extraction yield decreased with increasing acid concentrations above 6 M, while the amount of Ta extracted remained over 75% for all acid concentrations studied. Tantalum was found to be extracted by BEHP at acid concentrations above 6 M, while niobium was not significantly extracted. The data obtained are used as the basis to discuss the speciation of Nb and Ta under the conditions studied and to evaluate possible extraction mechanisms.
Introduction
The chemistry of the group 5 elements [niobium (Nb), tantalum (Ta) and dubnium (Db, Z = 105)] at very low concentrations in aqueous solutions media is of interest to understand the roles that hydrolysis and relativistic effects play in the complex formation of these elements. For example, Nb and Ta form chlorocomplexes of the same type, MCl 6 − , in the absence of water. With the addition of water, the elements begin to hydrolyze in dissimilar ways [1, 2] , leading to differences in complex formation and in extraction behavior. Understanding these differences is hindered not only by the plethora of species formed, but also by the tendency of Nb and Ta to form polynuclear complexes when macroscopic amounts of the metal are present.
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Based upon previous experiments [3] [4] [5] [6] [7] [8] , Pershina has postulated that, in hydrochloric acid (HCl), the change from cationic to anionic species occurs between 5 and 7 M HCl for Nb and between 6 and 8 M HCl for Ta (see Fig. 1 in [2] ). Well-defined chemical systems that probe the region where the complexes formed by the group 5 elements change from cationic to anionic can be used to study and evaluate complex formation of the group 5 transactinide element, Db. It is predicted [9] , that relativistic effects in the transactinide elements (Z ≥ 104) will lead to deviations from chemical trends established by the lighter homologues in a periodic table group, as these effects increase with Z 2 of elements. To test for deviations, it is necessary to compare the chemical behavior of the transactinide elements to that of the lighter homologues in the group.
Previous transactinide experiments with the chloride, bromide and fluoride complexes of Db (see [10] for a summary) have shown that Db is a member of group 5 and exhibits chemical behavior that is more similar to Nb and protactinium (Pa) than to Ta. However, the experiments were usually performed in mixed acid media and/or under conditions under which equilibrium was not assured, making interpretation of the results difficult. It is preferable to concentrate on chemical systems that demonstrate selectivity between the members of one group of the periodic table, yield information regarding complex formation and reach equilibrium within a known time.
Systems that are suitable for studying transactinide elements must fulfill three main requirements. First, transactinide elements are produced solely through the use of nuclear reactions, typically with cross sections on the order of nanoto picobarns. For dubnium, this yields only a few atoms per hour, requiring one atom-at-a-time chemistry as the dubnium atom will only interact with atoms of its surroundings and not with other dubnium atoms. To obtain reproducible results, it is necessary to choose systems in which the dubnium atom undergoes the same chemical reaction multiple times. Liquid-liquid extraction is an example of such a system and has been used successfully to study transactinides [11] . Second, in addition to the few transactinide atoms of interest, a large excess of un-reacted beam, fission fragments and transfer products from reactions with the target or target backing are also created in the nuclear reactions. To investigate differences in chemistry between the transactinide and its lighter homologues, the use of a physical preseparator to separate the element of interest from the transfer products and un-reacted beam is advantageous prior to the chemistry set-up. After physical preseparation, chemistry is no longer required to separate the group of interest from the rest of the periodic table. Third, 262 Db, with a halflife of 34 s, is the longest lived isotope of dubnium that has been confirmed in independent experiments. It is therefore mandatory for the system to reach equilibrium within 10 seconds, to ensure that chemistry is completed before a majority of the dubnium atoms have decayed.
In this paper, we report on the liquid-liquid extraction of cyclotron-produced isotopes of Nb and Ta from hydrochloric acid media by bis(2-ethylhexyl) hydrogen phosphate (HDEHP) and bis(2-ethylhexyl) hydrogen phosphite (BEHP) as a function of mixing time and acid concentration. Fig. 1 shows the chemical structures of HDEHP and BEHP. In organic media, HDEHP acts as a cationic complex extractor. The ligand also has a tendency to form dimers of the following type in organic media [12] :
In contrast, BEHP extracts neutral complexes and exists as a monomer in organic solutions. Extractions with HDEHP and BEHP have been previously investigated using a variety of solvents and macroscopic quantities of Ta and tracer quantities of Nb [13] [14] [15] . However, to best replicate conditions under which dubnium will be studied, it is necessary to use "carrier-free" trace level amounts (≤ 10 −16 M) of Nb and Ta, formed in these nuclear reactions, to avoid the formation of polymeric species that is often seen in the elements. On-line studies using short-lived accelerator-produced Nb and Ta were performed at Lawrence Berkeley National Laboratory (LBNL) to best replicate the experimental conditions present during a transactinide experiment.
Experimental

Materials
Bis(2-ethylhexyl) hydrogen phosphate (97%) and bis(2-ethylhexyl) hydrogen phosphite (96%) were purchased from Aldrich Chemical Company and used as received. Chloroform (ACS reagent, ≥ 99.8%) was obtained from SigmaAldrich, Inc. The hydrochloric acid (puriss.) used for the preparation of solutions was obtained from Fluka Chemika and assayed at 37%.
Production and preseparation of short-lived Nb and Ta isotopes
On-line experiments were performed at the 88-Inch Cyclotron at Lawrence Berkeley National Laboratory (LBNL Fig. 2 contains a schematic of the experimental setup. The Nb and Ta evaporation residues (EVRs) recoiling out of the target were separated in the BGS from the beam and most unwanted reaction products based upon their differing magnetic rigidities in the 67-Pa He of the BGS [16, 17] . The magnetic rigidity for the Nb and Ta EVRs were estimated as previously described [18] and experimentally determined to be 0.95 and 1.59 T m, respectively. After traveling through the BGS, the recoiling atoms were slowed down by passing through a 3.3-µm Mylar window at the entrance to the 40 mm-deep recoil transfer chamber (RTC) [19, 20] . The EVRs were then thermalized in approximately 1.3 bar of helium gas in the RTC. Due to the larger momentum of the 51 V beam, the Ta EVRs have a larger kinetic energy than the Nb EVRs. To account for this the Ta EVRs were degraded by passing through an additional 6.0-µm thick Mylar foil prior the RTC window, to ensure that they were thermalized in the RTC.
On-line extraction experiments
Helium gas at flow rates of 1.6-1.8 L/min was seeded with potassium chloride aerosols prior to entering the RTC. The aerosol particles were produced in an oven at a temperature of 650
• C. After thermalization in the RTC, the EVRs were captured on the aerosols and transported through a 2-mm i.d. and ∼ 20 m long stainless steel capillary to the chemistry setup. The transport efficiency of the gas-jet system was determined to be ∼ 70% in separate experiments [21] .
The aerosol particles containing the EVRs were deposited on small platinum foils at the exit of the gas-jet capillary. The aerosols were allowed to collect for 10 min and then the collected KCl was dissolved in 100 µL of hydrochloric acid (HCl). The solution was then transferred to a centrifuge cone containing an additional 3900 µL of the Fig. 2 . Schematic of the BGS at LBNL in the configuration required for chemistry experiments with preseparation. Modified from [21] . The quadrupole (Q1), gradient field dipole (M1) and flat field dipole (M2) magnets used for separation of the EVR's from the beam and unwanted reaction products are labeled.
same acid solution. The amount of Nb and Ta transferred into the 4000 µL aqueous phase from the aerosol residue was determined to be ∼ 10 −18 moles, giving a metal concentration of 10 −16 M in the aqueous phase prior to mixing. An equal volume of 0.01 M HDEHP or 0.01 M BEHP in chloroform was added to the aqueous solution and the two phases were mixed for up to 90 s using a vortex mixer. The samples were centrifuged for 20 s and a 3 mL aliquot of each phase was removed for assay.
To minimize the effect of variations in sample geometry and detector efficiency, both aliquots were assayed using the same HPGe γ -ray detector. The first sample measured was usually the aliquot containing the smaller fraction of Nb or Ta to minimize statistical error due to decay. Each aliquot was counted for 4 min with a 15 s interval allotted for changing the samples. Due to the short half-lives of the nuclides, the data obtained from the second aliquot measured had to be corrected for decay. Five parallel experiments were performed for each acid concentration or mixing time. Extraction yields were determined using:
where E(%) is the percentage of the metal ions in the organic phase. Relative metal concentrations in each phase were determined by the γ -ray radioactivity in each sample.
Final values for the extraction yield at each set of conditions were determined by taking a weighted mean of the values for the five samples. The error was determined from the statistical counting uncertainty using standard error propagation techniques and the results are reported at the one sigma level.
To determine the role that adsorption to the surface of the vial played, the yield of Nb and Ta for each trial was normalized based upon the integrated beam current. The yield values were then corrected for the volume of the aliquot that was counted and the decay of the isotopes during chemistry and measurement of the two samples. These values were compared to a series of trials in which the aerosol was dissolved directly into 3.0 mL of aqueous phase and subsequently counted, without chemistry being performed. The amount Nb or Ta observed in each sample comprised ≤ 95% of the expected activity.
Results and discussion
Extraction kinetics
Extraction yields as a function of phase contact time (mixing time) were studied for both of the systems. Mixing times of 10-60 s were used for the investigation of Nb, while Ta was studied over times ranging from 10-90 s. The results of the kinetics experiments are shown in Figs. 3 and 4 for the HDEHP system, and in Figs. 5 and 6 for the BEHP system. Equilibrium in the HDEHP system was not observed for Ta at any acid concentration up to the maximum 90 s mixing time (see Fig. 4 ). The amount of time needed for equilibrium to be reached in the Nb-HDEHP systems depended upon the acid concentration used (see Fig. 3 ). At 1-6 M HCl equilibrium was reached within 30 s, whereas equilibrium was reached within 20 s at 9 M HCl and 10 s at 11 M HCl. Equilibrium times of < 10 s were observed at all acid concentrations when the extraction of Nb with BEHP studied (see Fig. 5 ). For Ta-BEHP, the amount of time needed to reach equilibrium was dependent upon the acid concentration (see Fig. 6 ). Equilibrium was reached within Based on these results, a mixing time of 60 s was chosen for experiments with Nb, ensuring equilibrium regardless of acid concentration. A mixing time of 90 s was chosen for the tantalum experiments, as the short half-life of 170 Ta prevented mixing for longer times.
Niobium
The extraction of Nb into 0.01 M HDEHP or 0.01 M BEHP in chloroform was studied over a range of 1-11 M HCl. The results of these experiments are shown in Fig. 7 . Low extraction yields of Nb by BEHP were observed. The highest yields of (15 ± 1)% and (10 ± 1)% were observed at 11 and 1 M HCl, respectively, while 6 M HCl had the lowest yield of (2.6 ± 0.3)%. For the extractions with HDEHP, the ob- served yield was greater than 90% for the three lower acid concentrations investigated (1, 3, and 6 M HCl). When the acid concentration was increased above 6 M HCl, the yields decreased to (55 ± 2)% at 9 M HCl and (15 ± 1)% at 11 M HCl. The results from the HDEHP extractions are in agreement with those shown by Kimura when Nb was extracted from HCl solutions into 50% HDEHP in toluene [14] . However, Das et al. observed that the Nb extraction yield increased from 18.6 to 32.2% as the HCl concentration was increased from 0.8 to 5.6 N when using an organic phase of 0.01 M HDEHP in carbon tetrachloride [13] . Both studies were performed using tracer levels of 95 Nb. Experiments with macroscopic amounts of Nb have determined that the Nb species change from polymeric cationic complexes based on Nb(OH) 2 Cl 2 + and NbOCl 2 + at low HCl concentrations to neutral complexes like Nb(OH) 2 Cl 3 around 3-6 M HCl [3] . At 6-9 M HCl, the predominant species in solution is Nb(OH) 2 [6] . Campderrós et al. suggest the formation of cationic HNbOCl 3 + complexes if the H + concentration is raised above 8 M HCl [23] . From what is known about Nb complex formation, HDEHP and BEHP, the following general mechanisms for the extraction of Nb by HDEHP and BEHP can be postulated:
1. Ionic association of HDEHP dimers with cationic complexes at low HCl concentrations:
2. Adduct formation of neutral complexes and HDEHP dimers or BEHP at 3-6 M HCl:
3. Ionic association of HDEHP dimers with cationic complexes at high HCl concentrations:
Based upon our data, we can determine which mechanisms contribute to the total extraction. As BEHP only extracted small quantities of Nb, we conclude that Nb(OH) 2 Cl 3(aq) is either not present in large amounts, or is not extractable through adduct formation with BEHP and HDEHP, thus Eqs. (5) and (6) do not significantly contribute to the extraction. We also observed a decreasing extraction yield above 6 M HCl, suggesting that cationic Nb species are not present in solution, and by extension, that Eq. (7) does not contribute significantly to the extraction. Thus, Eqs. (3) and (4) present the dominant extraction mechanisms.
Tantalum
Tantalum was extracted into solutions of 0.01 M HDEHP or 0.01 M BEHP in chloroform from 1-11 M HCl. The results are shown in Fig. 7 . For the extractions with BEHP, the yield decreased from 1 to 3 M HCl and began increasing after the HCl concentration was raised above 6 M. A maximum extraction of (68 ± 2)% was observed for 11 M HCl and a minimum of (11 ± 1)% at 3 and 6 M HCl. Over the whole acid concentration range studied, the extraction of Ta by HDEHP remained above 78%. A similar extraction pattern by HDEHP was seen from solutions of up to 1 M HCl in experiments by Kimura [14] , however extraction yields were below those observed in this work. Das also investigated the extraction of Ta by 0.01 M HDEHP in carbon tetrachloride and observed a decreasing extraction yield when the HCl concentration was raised above 1.6 N HCl [13] . Both of these experiments were performed using 182 Ta, produced in the neutron irradiation of 181 Ta, and contain significant amounts of carrier. Differences between the experiments presented in [13, 14] and those presented in this work are likely due to formation of different Ta complexes. When Ta is present in solution in macroscopic amounts, the formation of polynuclear species in the form of (TaO >1 Cl <3 nCl) x hinders its extraction [24] . In this work, the Ta concentration was ∼ 10 −16 M, preventing the formation of polynuclear species. In addition, the kinetics of forming complexes with O and OH − are slow. As such, on-line produced Ta may have fewer of these complexes than off-line tracer solutions.
The data from the HDEHP and BEHP extractions in Fig. 7 show that Nb and Ta have similar chemical behavior at ≤ 6 M HCl. This indicates that Nb and Ta form similar complexes at ≤ 6 M HCl, leading to the conclusion that Ta may be forming complexes cationic such as Ta(OH) 2 [23] , a neutral complex exchanger similar to BEHP. Based on these assumptions, the following mechanisms can be tentatively postulated for extractions at ≤ 6 M HCl:
1. Ionic association of HDEHP with cationic complexes:
2. Adduct formation with BEHP at low HCl concentrations:
Ta(OH) 4 Cl aq + BEHP org ↔ Ta(OH) 4 Cl(BEHP) org (10) At high acid concentrations, anionic Ta complexes should be the dominant species in solution. Electrodialysis experiments have shown that Ta begins to form anionic species at acid concentrations approximately 1 M higher than those seen for Nb [25, 26] . This would suggest the formation of Ta(OH) 2 Cl 4 − at > 6 M HCl, TaOCl 4 − at > 8 M HCl and TaCl 6 − above 12 M HCl [2] . We observed high extraction of Ta by both HDEHP and BEHP at acid concentrations from 9-11 M, indicating that HDEHP and BEHP either neutral complexes or that the formation of cationic species becomes favorable again with increasing hydrogen ion concentration. If Ta has the tendency to form cationic complexes analogous to those observed by Nb at high hydrogen ion concentrations, such as HTaOCl 3 + , then the high extraction yields may be explained by ionic association of HDEHP and BEHP with cationic complexes: 
Conclusion
The extraction of group 5 elements, Nb and Ta, from acid media by 0.01 M HDEHP and 0.01 M BEHP was investi-gated as a function of HCl concentration and phase mixing time in this work. Different behaviors for Nb and Ta were observed when comparing extraction yield as a function of mixing time, as well as a function of HCl concentration. By increasing the HCl concentration, it was possible to observe the decrease in the formation of cationic species for Nb. For Ta the existence of highly extractable species was observed up to 11 M HCl, where the formation of anionic Ta species should dominate. The higher acid concentrations provide suitable separation of Nb and Ta for both of the systems investigated. It is also possible to use the higher acid concentrations to investigate the kinetics of dubnium and determine its similarity to Nb or Ta.
